The diurnal variation in the microgradients of 02, H2S, and Eh were studied in the benthic cyanobacterial mats of a hypersaline desert lake (Solar Lake, Sinai). The results were related to light intensity, light penetration into the mat, temperature, pH, NH4', photosynthetic activity, pigments, and the zonation of the microbial community. Extreme diurnal variation was found, with an 02 peak of 0.5 mM at 1 to 2 mm of depth below the mat surface during day and a H2S peak of 2.5 mM at 2 to 3 mm of depth at night. At the 02-H2S interface, the two compounds coexisted over a depth interval of 0.2 to 1 mm and with a turnover time of a few minutes. The photic zone reached 2.5 mm into the mat in summer, and the main 14CO2 light fixation took place at 1 to 2 mm of depth. During winter, light and photosynthesis were restricted to the uppermost 1 mm. The quantitative dynamics of 02 and H2S were calculated from the chemical gradients and from the measured diffusion coefficients.
Many stratified lakes or marine basins and fjords have stagnant, H2S-rich bottom water. The microbial or chemical sulfide oxidation here takes place in the water column. If the H2S reaches within the photic zone it may be oxidized anaerobically by photosynthetic sulfur bacteria (9, 10) or by cyanobacteria (B. B. J0rgensen, J. G. Kuenen, and Y. Cohen, Limnol. Oceanogr., in press). In most deeper basins, however, the oxidation takes place in the aphotic chemocline at the oxygen-sulfide interface where the two compounds may coexist over a depth interval of a decimeter to many meters. At the presence of oxygen, the bacteria have to compete with the spontaneous chemical oxidation of sulfide (28, 29) .
Such H2S-rich bottom waters are of limited geographical distribution. In general the sulfide oxidation takes place within the sediments. The same processes may occur as in the water column, but within a 100-fold-compressed depth interval and often in a spatially complex manner caused by the burrowing and pumping activity of the benthic fauna.
Most studies on the microbial and chemical oxidation of sulfide in aquatic environments have been conducted in the water column. Our knowledge of the processes in sediments is still very limited due to technical difficulties in sampling or analyzing the oxygen-sulfide gradients here. The distributions of 02 (N. P. Revsbech, J. S0rensen, T. H. Blackburn, and J. P. Lomholt, submitted for publication) and H2S (4) and their dependence on light penetration (4, 15) into the upper few millimeters of coastal sediments have, however, each been demonstrated.
Cyanobacterial (blue-green algal) mats are dense, cohesive assemblages of cyanobacteria and other photosynthetic microorganisms which occur scattered in the aquatic world, often at high temperature or salinity (6, 12, 19) . They frequently develop a distinct zonation of the microbial community according to simple physical and chemical gradients. Furthermore, they usually develop in the absence of grazing or bioturbating animals. They are therefore well suited for the study of oxygen-sulfide microgradients in relation to the microbial metabolism. The results obtained in such mats may serve as a model for the more complex situation in sediments in general.
MATERIALS AND METHODS
The following studies were all made on the cyanobacterial mats which cover the bottom of the small, hypersaline Solar Lake. The lake is situated on the east coast of Sinai, close to Elat. Seawater seeps into the lake and evaporates to reach a salinity of 150 to 180%o. The brine largely excludes animal life and allows the accretion of 1-m-thick cyanobacterial mats in the shallow parts. These mats have an undisturbed yearly lamination and a texture solid enough to walk on. They can be cored and cut into thin segments without collapse of the original structure.
All sampling and field measurements were done within the same few square meters as were studied by 46 (16, 21, 22) . Electrode studies. The steep chemical gradients at the bacterial mat surface were studied by the use of electrodes constructed by the authors. Single capillary electrodes were used to measure dissolved oxygen in the porewater. Multiple silver/silver sulfide and platinum electrodes were used to measure dissolved sulfide and redox potential, respectively.
The oxygen electrodes were made as described by Baumgartl and Lubbers (2) by fusing a thin platinum wire into a glass tube and extending the tip to a fine needle. The electrode tip was coated with a double membrane of collodium and polystyrene and had a diameter of 5 to 10 Am. The electrode shaft was mounted on a micromanipulator attached to a sturdy rack. During in situ measurements the rack was placed on a concrete slab lying on the sediment. The electrode tip could then be stepwise pierced into the bacterial mat with reproducible depth intervals of 0.5 mm. The electrode potential was -0.78 V relative to a doublejunction calomel electrode (Orion) situated in the water just above the sediment. At each depth, the electrode current was read on a portable picoamperemeter (Keithley 480). Linear calibration was made for each profile using the anoxic porewater below the oxygen gradient as zero and the lake water above as second value. The exact oxygen concentration of the lake water was then determined chemically (30) . Problems of sulfide poisoning could be largely overcome by the frequent calibrations. Further details of the technique are discussed elsewhere (Revsbech et al., submitted for publication).
Sulfide gradients were studied with the multiple silver/silver sulfide electrode described by Blackburn et al. (4) . Ten silver electrodes were embedded in an acrylic plastic rod (3 by 10 mm) at 1-to 2-mm intervals. They were coated with silver sulfide and calibrated individually after use. Calibration was made at pH 7.0 and 8.0 using five different sulfide concentrations ranging from 0.05 to 5 mM.
The multiple platinum electrode used to study redox gradients was similarly constructed. Ten platinum wires were embedded in epoxy resin at 1-to 2-mm intervals. The electrodes were carefully cleaned and checked in a redox buffer solution before use.
For the in situ studies of sulfide and redox profiles, the multiple electrodes were positioned in the bacterial mats 10 to 15 h prior to the actual measurements. This equilibration period prevented erratic drift of electrode potentials during the study. The pS2-and Eh values were measured on a millivoltmeter (Knick, Portamess 902) using the double-junction calomel electrode as a reference.
The pH was measured with a glass electrode with a flat sensing tip of 10- (13) . The bacterial mat cores were incubated with the labeled species injected into a filter lying on the mat surface. Incubations were made at 1.5°C for 3 to 4 days. Incubation at in situ temperature was not possible due to the development after a few days of gas pockets between the core and the tube at this temperature. The diffusion coefficients were therefore later recalculated to the in situ temperature using a standard table of water viscosity. To prevent autooxidation of the "S-sulfide during the experiment, paraffin oil was poured onto the filters immediately after addition of the label. After incubation, the cores were cut into 5-mm segments. The 5S-sulfate-incubated samples were homogenized in 50 ml of water and centrifuged.
A subsample was used for scintillation counting. The 35S-sulfide-incubated samples were immediately transferred into 2% zinc-acetate solution and homogenized. The labeled sulfide was then collected in fresh zincacetate traps by acidification and purging with N2.
Subsamples were taken for scintillation counting from the traps and from the acidified slurry, which contained oxidized forms of :"S. Sediment diffusion coefficients were calculated as described by Duursma and Bosch (13) . Since no macrofauna exists in the mat, bioturbation did not affect the diffusion experiment.
The dominant types of phototrophic microorganisms and their vertical distribution in the upper 10 mm of the bacterial mat was determined by light microscopy of thin slices of the mat. RESULTS
Oxygen-sulfide balance. The diurnal variations of chemical microgradients at the cyanobacterial mat surface were studied once during summer (September) and once during winter (March). At regular intervals throughout 24 h the following parameters were measured in situ: light and temperature at the sediment surface, and sulfide and redox gradients within the sediment. During summer, oxygen penetration into the sediment and the pH of water and sediment surface were also studied. The water depth above the mat was 10 to 20 cm in summer and 80 cm in winter.
For practical reasons, the measurements were done in a 55-mm-wide core of the mat, which was collected in an acrylic plastic tube. The tube was wrapped with aluminum foil around the core and again submersed in the Solar Lake water. Temperature and light conditions, etc., were therefore not changed, and neither was the microzonation of the rigid mat.
Examples of the day and night microgradients in the cyanobacterial mat are shown in Fig. 2 . Due to high photosynthetic activity, a peak of oxygen was found at 2 mm of depth during the day. Oxygen penetrated down to 4 mm, whereas dissolved H2S (H2S, HS-, and S2 together are designated H2S) appeared at 2.5 mm of depth, below which it rapidly increased. The redox profile reflected this zonation with a high potential down to the oxygen-sulfide interface, where it dropped steeply to a low potential in the H2S zone. At night, a high heterotrophic activity had depleted the oxygen pool and oxygen could penetrate only 0.5 mm into the mat. A H2S peak at 3 mm had replaced the former oxygen peak, and the H2S reached to within 0.3 mm from the surface. The redox profile indicated reducing conditions in the whole sediment and also low potentials in the water just above.
A more complete presentation of these diurnal variations is given in Fig. 3 . The graphs are based on 27 depth profiles similar to those in Fig. 2 Fig. 3C have been calculated from measured electrode potentials on the basis of calibration curves. Since the calculated H2S concentrations are very sensitive to pH, the variation in pH with both time and depth must be known. Examples of the day and night depth variation are shown in Table 1 . Below 3 mm the pH remains rather constant around 7.1. At 0 to 3 mm, pH changes according to the shift between 02 and H2S. The H2S concentrations in Fig. 3C have been calculated by combining the pH results from Table 1 and Fig.  3A . This is not a very accurate procedure. The maximum error made is, however, estimated to be ±0.2 to 0.3 pH units. This corresponds to an error in the calculated H2S concentration of a factor of ±1.5 to 2. Although significant, such an error will not change the general trend in the H2S distribution nor any of the conclusions made.
The greatest change in H2S concentration took place at 3 mm of depth, which was the upper boundary of H2S in the middle of the day. A maximum concentration of 2.8 mM H2S was reached here 2 h after sundown, after which the peak slowly decreased during the rest of the night. The rapid buildup of the night peak started in the afternoon about 1 h prior to the depletion of oxygen. The decrease in the early morning started at sunrise, 1 h before the rapid buildup of an oxygen peak. Below 6 to 8 mm of depth, the H2S concentration remained rather constant around 1.5 to 2 mM. The average H2S concentration calculated from the electrode potentials agrees well with previous results obtained by chemical analysis on porewater samples. Thus, J0rgensen and Cohen (20) found the H2S concentration to be 1.5 mM in the uppermost centimeter of the same mat.
The redox potentials presented as isovolts in Fig. 3D reflect the oxygen-sulfide balance quite closely. Oxidizing conditions prevailed during the day down to 4 mm, corresponding to the lower boundary of oxygen. During the night the reducing environment expanded gradually towards the surface. The slow response of the redox electrodes was in contrast to the rapid changes of oxygen and sulfide and may perhaps be due to the poising effect of other redox couples, such as iron, which were being reduced more slowly. The reverse process of oxidation after sunrise was quite rapid. The redox profile at noon on the second day was similar to that the day before. This showed that sulfide poisoning of the electrodes was not significant or was not irreversible.
The results of a similar diurnal study during winter are shown in Fig. 4 and the second was cloudy. The general trends of H2S and Eh resembled those observed during summer. Due to reduced light intensities (and a different pigment distribution, as shown below), the oxidizing, H2S-free zone did not reach as deep during the day. Thus 0 mV Eh was found at 2.5 mm of depth, and the upper H2S boundary was at 2 mm around noon. A surprisingly high H2S maximum of up to 9.0 mM developed at 1 to 2 mm of depth just after sundown. The peak, however, soon decreased to more moderate values, and after midnight H12S did not exceed 3 mM. The nutrient chemistry of the upper few millimeters was also affected by the diurnal light and dark variation. This is demonstrated in Fig.  5 , which shows the summer distribution of total KCl-extractable NH4' at night and in the day. During the day, there was little difference between the concentrations in the photic zone and in the layers below. During the night, a high peak of NH4' built up in the 0-to 2-mm layer reaching down to about 4 mm. Below 4 mm the differences between light and dark were not significant. The night peak must reflect a high production rate of NH4' in the photic zone. During the day the production is roughly balanced by the NH4+ uptake of the photosynthetic microorganisms. But at night there is a net production and consequently a large accumulation of NH4+. Only 25% of the NH4+ peak was found to occur dissolved in the porewater. Thus the NH4' peak is largely nondiffusible. It is thereby conserved within the photic layer and may be available to the phototrophic organisms the following day.
Laboratory electrode studies. The response of 02 and H2S in the mat to a sudden change from dark to light conditions and vice versa was studied in the laboratory. A core of the mat was incubated in the dark overnight submersed in aerated Solar Lake water at 30°C.
Illumination was then switched on, and the 02 The results are shown in Fig. 6 . When the light was switched on after the long dark period, a peak of oxygen gradually built up. The rate of accumulation was, however, not as rapid as in the field, probably due to the much lower light intensity. Maximum oxygen saturation was reached only after 3 to 4 h. The H2S disappearence lagged somewhat behind the descending oxygen front. After 65 min, the two compounds coexisted in a 2.5-mm-thick layer, which was later narrowed down.
When the light was switched off again (Fig.  6B) , the oxygen peak disappeared within a few minutes. After 10 min, oxygen concentrations had returned to the previous dark profile. The rapid disappearance was due to the absence of oxygen bubbles in this laboratory-incubated mat. The H2S profiles again lagged behind the change in oxygen. As a result, a 1-to 2-mm-thick zone developed after the first 10 min in which neither oxygen nor H2S was present. Only after 180 min had the H2S distribution returned to the previous dark values.
Light penetration. The penetration of light into the mat during summer and winter is shown in Table 2 . The thickness of the mat slices through which light penetration was measured was between 1 and 1.5 mm (average 1.2 mm). Table 2 shows the in situ light intensity and that fraction which remained 1.2 mm below the mat surface. Cut-off filters were used to measure seperately light below 640 nm, above 610 nm, and above 695 nm. The longer wavelengths are restricted to slightly above 700 nm, where the quantum sensor loses sensitivity.
During summer, 7.3% of the light in the whole, In contrast to the brownish-orange summer mat, the winter mat had a dark-green surface. It contained much less carotenoids and had a high chlorophyll a content even in the uppermost 1 mm (22) .
The distribution of phototrophic organisms in the summer mat is shown in cyanobacteria constituted the bulk of the mat, although in an increasingly decomposed state with depth. During winter, filamentous cyanobacteria of the genera Microcoleus, Phormidium, Oscillatoria, and Spirullina dominated the whole mat. Between 0.5 and 1 mm of depth a narrow band of purple sulfur bacteria was present. Also, coccoid cyanobacteria and diatoms were common in the winter mat (22) .
14CO2 Fixation. Measurements of 1402 light and dark fixation in mat cores were made to identify the layers in which photosynthesis took place. Since the pool size of nonlabeled C02 in the porewater is unknown, the results cannot be converted into absolute rates. Furthermore, the results showed that the light and dark conditions significantly affected this pool size. This will very much complicate such calculations.
The results of summer and of winter incubations are shown in Fig. 8 . The depth distribution of the radioactive, diffusing species should theoretically comply with the equation (14): Log C(x,t) = A -(x2/4.D8.t) -log e, where C is the amount of label per segment, A is a constant, x is the distance in centimeters from the radioactive filter, and t is the incubation time in seconds. Thus, a plot of log C versus x2 after a fixed period should give a linear regression from which D, can be calculated. This is indeed the case, as seen in Fig. 8 . The calculated diffusion coefficients are 0.16 x 10-5 and 0.26 x 10-5 cm2 s-' for S042-and H2S, respectively. When recalculated to 30°C, which was the average temperature in the lake during summer, these values become 0.38 x 10-' and 0.61 (14, 23 experiment. At the end of H2e S incubation, however, the oxidized fraction of ;'S constituted only 10% of the label at the mat surface. This figure decreased to 4% at 3 cm of depth. Since the oxidized form may also diffuse, this error is considered insignificant. The ratio between D8 values of H2S and S042-is 1.6, which is close to the value of 1.7 calculated for Santa Barbara Basin sediments (18) . DISCUSSION By combination of the different types of results obtained, an integrated picture emerges of the microbial photosynthesis in the cyanobacterial ma'ts and its regulation of the 02-H2S balance.
During summer, the light intensity was very high and the water depth was only 20 cm. The uppermost 1 mm of the mat was gelatinous with very little photosynthetic activity. It rather served as a protective fllter against photooxidative death of the cyanobacteria and flexibacteria below, since it reduced the light intensity by 90%. The main photic zone started at 1 mm and reached about 2.5 mm below the surface. Phormidium sp. and Chloroflexus sp., which were the dominant phototrophic organisms, reached maximum density at 2 to 3 mm of depth but had the highest rate of photosynthesis at 1 to 2 mm. This was demonstrated by sharp peaks in both light C02 fixation and in 02 concentration at that depth. During the day, 02 penetrated 4 mm down into the mat, i.e., 1.5 mm below the photic zone. The H2S zone reached upwards to 3 mm from the mat surface and was therefore not present in the photic zone during most of the day. It must have been oxidized, both chemically and by bacteria, in the 02-H2S interface at 3 to 4 mm of depth. Since the photosynthesizing microorganisms were therefore not in contact with H.,S during most of the day, but rather were under high oxygen conditions, it can be concluded that anoxygenic photosynthesis cannot be very important for the total productivity of the mat.
During the last hour before sundown, however, H2S ascended into the photic zone. Thus, between 1600 and 1700 h, while the light intensity decreased from 25 to 5% of full sunlight, the H2S boundary emerged at 2 to 1 mm. In the early morning, just after sunrise, the H2S maximum at 2 to 3 mm was rapidly oxidized by the photosynthetic bacteria and replaced by an oxygen maximum. (8, 17) and flexibacteria (24) , in addition to the purple sulfur bacteria (26) , which are all abundant in the photic layers, have the ability of anoxygenic photosynthesis using H2S as the electron donor. Laboratory experiments with axenic cultures of Oscillatoria limnetica have shown that oxygen production in the light is completely blocked by 0.1 mM sulfide (25) . Field studies from the chemocline of the Solar Lake have shown that C02 light incorporation by the cyanobacterial phytoplankton becomes 3-(3,4-dichlorophenyl)-1,1-dimethylurea insensitive already at 0.01 mM sulfide (J0rgensen et al., Limnol. Oceanogr., in press). Similar results have also been obtained with sulfide-adapted strains of cyanobacteria in the laboratory, although at higher sulfide concentrations (7). In the cyanobacterial mat, oxygen appeared when the H2S level was reduced below 0.1 to 0.2 mM. This may perhaps indicate the level where the phototrophs in the mat shift from anoxygenic to' oxygenic photosynthesis in a similar manner as observed in the chemocline.
The H2S is oxidized by the cyanobacteria to elemental sulfur, which accumulates as minute granules around the cells (8) . Such sulfur granules were abundant in the mat at 1 to 3 mm of depth. In the dark, S may again be reduced to H2S by heterotrophic bacteria such as Desulfuromonas acetoxidans, which has been isolated from the mat (27) . The purple sulfur bacteria (H. van Gemerden, Ph.D. thesis, University of Leiden, Leiden, The Netherlands, 1967) and the cyanobacteria (A. Oren, personal communication) are also capable of reducing elemental sulfur to H2S as an energy-yielding dark metabolism. A diurnal cycle between H2S and S has been demonstrated in the chemocline of the Solar Lake (J0rgensen et al., Limnol. Oceanogr., in press).
During winter, the maximum light intensity was about 20% lower than during summer. The water depth, however, was almost 1 m, which reduced the inhibitory ultraviolet radiation at the mat surface. The uppermost millimeter of the mat was now densely packed with cyanobacteria. The photosynthetic layer was restricted to this upper millimeter, and the chemical gradients had correspondingly shifted 1.5 mm upwards relative to the summer situation.
Both in the winter and in the summer mat a distinct H2S maximum was present at night just below the photic zone. The high intensity of H2S production which must take place here is expectedly caused by the correspondingly high production of organic matter during the day. This close spatial coupling between the photosynthetic and the heterotrophic processes may be possible due to the absence of bioturbation. It is significant that the H2S peak at night was highest just after sundown. This was most pronounced during winter but was also the case during summer. It could indicate a rapid cycling of the organic mat so that easily decomposable photosynthate produced during the day was oxidized at a high rate after sundown and was partly exhausted before next morning. Such a rapid turnover of the mat was deduced also by Krumbein et al. (22) . They estimated from the high productivity of the mat and from the yearly accretion of only 1-mm-thick lamina that 97% of the production was continuously mineralized within the uppermost few millimeters. From radiotracer measurements of the sulfate reduction rate, J0rgensen and Cohen (20) found that at least 50% of the mineralization in the mat due to this process took place at 0 to 5 mm of depth.
The diurnal change between oxygen and sulfide in the photic zone must be a very selective environmental factor for the phototrophic microorganisms. Thus, at 2.5 mm of depth during summer, values of 0.5 mM 02 (450% saturation) and 2 mM H2S were both reached within 24 h. Since the cyanobacteria can switch between oxygenic and anoxygenic photosynthesis depending on the H2S concentration and are also very resistant to H2S, they are especially adapted to such extreme conditions. There was no clear tendency of the cyanobacteria to stratify on top of the flexibacteria or to migrate towards the mat surface at night. This was observed in similar mats of alkaline hot springs in Yellowstone National Park (11, 12) and was explained as an adaptation of Chloroflexus to low light intensities (24) . An upwards migration of cyanobacteria in the Solar Lake mat could be induced, however, during summer by shading of the mat. Within a few days the shaded mat surface changed from the usual red-brownish color to the bright green typical of the winter mat.
Quantitative aspects. Cyanobacterial mats such as those in the Solar Lake seem to be among the most productive ecosystems of the world (20, 22) . It is, however, difficult to obtain an accurate measurement of the rate&of photosynthesis. The oxygen uptake and production rates will depend on the exchange capacity of the oxygen bubbles which develop within the mat and which may not exchange similarly in APPL. ENVIRON. MICROBIOL.
on October 19, 2017 by guest http://aem.asm.org/ Downloaded from light and in dark. Actual measurements of the net oxygen production gave values too low to be realistic (20) . The '4C method applied on whole sediment cores is very problematic because the interstitial C02 pool is affected by the light and dark conditions and will change during incubation. The method as applied in this study or by Brock and Brock (5) shows only the relative distribution of photosynthetic activity.
It is possible, however, from the dynamic studies of the 02 and H2S gradients and from the diffusion coefficients, to make some rough calculations of the turnover and flux rates of these two compounds.
The oxygen disappearance in the dark after light incubation of a mat core without air bubbles was shown in Fig. 6 . The rate of disappearance at 2 mm of depth between 2 and 5 min after darkness was 3 ,umol cm-3 h-'. In the whole oxic layer the rate of disappearance during this time interval was 1.0 ,umol of 02 cm-2 h-'. Since the oxygen gradient across the mat-water interface changed from positive to negative, the diffusion of oxygen into or out of the sediment must be relatively insignificant for its rate of disappearance. The 1.0 ,tmol cm-2 h-1 should therefore be a realistic measure of the oxygen consumption rate. It is of the same order of magnitude as the estimated average productivity of the mat (20, 22) .
From previous measurements of the sulfate reduction rate it was calculated that the average oxygen uptake needed to. balance sulfide oxidation was 0.5 ,umol of 02 cm-2 h-' (20) . This rough comparison shows that about half of the oxygen uptake of the mat may be used for sulfide oxidation. Since oxygen and sulfide coexist only over a 1-mm depth interval during steady-state periods, the intensity of oxygen consumption by H2S oxidation in this interval should be 0.5/0.1 = 5 mol of 02 cm-3 h-.
The diffusion flux of oxygen down into the sulfide zone just below the oxygen maximum ( Fig. 2A) is the porosity (20) and 2 x 10-5 is the 02 gradient in moles per cubic centimeter per centimeter. The calculated flux is 0.6 ,imol cm-2 h-1 at 2.5 mm of depth during the day. This corresponds well to the 0.5/mol of 02 cm-2 h-1 which is utilized for sulfide oxidation as calculated above.
A similar calculation made for the upper part of the H2S gradient (Fig. 2) yields a H2S flux into the oxic zone of 0.07 ,umol cm-2 h-' at noon and of 0.25 ,umol cm-2 h-' late at night. The latter is equal to the H2S outflux calculated from radiotracer measurements of sulfate reduction rates (20) . Since this H2S is oxidized in the 1-mm-thick layer where it coexists with oxygen, the turnover can here be calculated from the pool size divided by the influx rate. With an average concentration of 0.15 mM at 3 to 4 mm of depth ( Fig. 2A) , the H2S will have a turnover time of about 2 min in the layer of coexistence.
The rate of H2S accumulation in the mat just after sundown reached 0.8 ,umol cm-3 h-' at 3 mm of depth (Fig. 3) . This is fourfold higher than the maximum rates of sulfide production measured at 0 to 5 mm of depth by radiotracer techniques (20) . This confirms our previous conclusion that the measured rates of sulfate reduction underestimated the in situ rates near the mat surface.
These different calculations indicate how dynamic the surface layers of the cyanobacterial mat are with respect to 02 and H2S transformations. The combined application of sulfide and oxygen microelectrodes has proven to be a useful field technique to study the sharp and unstable gradients of the two compounds in sediments. The resolution reached here by measuring with 0. 
